ABSTRACT By analyzing the high-speed video camera images of a natural cloud-to-ground (CG) lightning flash, we attempt to employ the luminosity of descending stepped leader to infer the correlation of charge distribution among different branches. Observations are made using a high-speed video camera operated at 20 000 frames/s. For a period of hundreds of microsecond before the return stroke, the correlation of charge density among different downward branches is acquired using the proposed algorithm. Besides, the charge simulation method (CSM) is adopted to get the charge density along the primary and secondary leader channels. Both the simulation and experiment results show that the charge density is highest at the leader tip and decreased approximately linear from the tip, indicating the effectiveness of our proposed model for retrieving the correlation of charge density among different branches. However, compared with the CSM results, the charge density calculated from the proposed algorithm is always changing. This characteristic should be taken into consideration in the research related to the lightning protection design.
I. INTRODUCTION
The study of charge distribution along the downward leader channel of cloud-to-ground (CG) lightning flash is an important issue both for lightning physics research and lightning protection design since it can determine the striking point [1] , [2] . As the downward stepped leader approaches ground, the potential gradients in the vicinity of the grounded objects increase and the upward connecting leader with opposite polarity will be incepted from these places. The upward connecting leader will grow towards the downward stepped leader, ultimately they join up with each other [3] . The place from which the upward leader initiated becomes the striking point. The characteristics of the charge distribution along the downward stepped leader play a vital role in determining the striking point. However, it still cannot directly measure the charge distribution [4] .
Many of the work in the literatures estimated the charge distribution according to the charge dissipated by the first return stroke [5] , [6] . Thomson et al . [7] calculated the charge distribution using the electric field at ground level with the assumption that the charge was distributed uniformly along the stepped leader. Cooray et al. [8] derived a charge distribution model based on the electrostatic calculations. However, the above-mentioned models neglected the channel branches [9] . Actually, during the downward development of stepped leader, it will generate abundant branches [1] . These branches have a significant impact on determination of the lightning attachment point. In fact, neglecting the contribution of branches will lead to an overestimation of the charge density along leader channel. If the characteristics of the stepped leader branches can be well understood, it will provide better solutions to deepen the knowledge of the downward stepped leader and basis for establishing the leader propagation model for lightning protection design. Many studies focused on the properties of stepped leaders [10] - [12] , including the leader step length, the interstep intervals and leader speeds. Nevertheless, there was few literature that focused on the relationship of charge distribution among different branches.
While the overall characteristics of natural lightning flash have been well studied [10] , the charge distribution along the stepped channel was not sufficiently resolved. Different charge distribution along the downward leader will lead to different electric field on the ground level, resulting in the different striking point for the lightning protection analysis. Therefore, one of the key factors in the lightning protection design is to accurately obtain the charge distribution along the descending leader channel. However, it is difficult to take direct measurement on the charge distribution along the stepped channel. Compared with the direct measurement, an inference from optical observations seems to be the only way to evaluate the charge distribution [13] . In fact, the brightness of the lightning channel is closely related to the channel current. Gomes and Cooray [14] investigated the correlation between the light and current for the various laboratory spark discharge. They found a linear relationship between the current amplitude and the light amplitude as well as between the current rise-time and light rise-time. Wang et al. [15] examined the correlation between the light and current using the channel-base current and optical signal and found that the light and current exhibited a linear relationship from the rising stage to the peak value. Hence, the charge density can be derived from the current if the development velocity is obtained. Consequently, using the luminosity of the stepped channel to infer the relationship of the charge distribution among different branches may be an effective way. Out of which, high-speed video is one of the most effective ways in the optical observations due to the fact that it can directly obtain the development process and the luminosity of the stepped channel [16] - [18] .
The primary purpose of this paper is to analyze the correlation of charge distribution among different stepped branches. Based on the analysis of the high-speed video images of a natural CG lightning stepped leader, we propose an algorithm to use the luminosity of the leader channel to analyze the charge distribution correlation among different branches for a period of hundreds of microsecond before the first return stroke. In addition, the charge simulation method (CSM) is employed to calculate the charge density along the primary and secondary branches. The variation trend of both results calculated by our model and CSM is consistent with each other.
The rest of this paper is organized as follows. Section II presents the CSM method and the calculation results of the charge density along the primary and secondary branches. Section III describes the proposed algorithm for calculating the correlation of charge distribution among different branches by using the high-speed video camera images of a natural CG lightning flash. Section IV shows the observation data and analysis results. Section V discusses the most notable assumptions. Conclusions are given in Section VI.
II. CSM METHOD
In this section, the CSM is applied to obtain the charge distribution along the downward stepped leader [8] , [19] . In order to simplify the real problem, the numerical simulation environment is idealized as shown in Fig. 1 and the downward leader with only one branch is considered. θ is the angle between the primary and secondary branches. The difference between the primary and secondary branches is to some degree subjective. In this paper, the vertical leader channel is considered as the primary leader while the oblique leader channel is the secondary one. H c and H t are the height of the thundercloud and primary leader tip, respectively. H b is height of the junction point of the primary and secondary branches. L is the length of the secondary leader branch.
It is assumed that the horizontal extent of the thundercloud charge region is large enough in comparison to its vertical height. Hence, the thundercloud is assumed to be a conductive plane with an assigned potential −72 MV when the peak return stroke current I p = 30 kA and its height H c = 4000 m [19] , resulting in a uniform background electric field of E c = 18 kV/m between the cloud and ground. Meanwhile, the ground potential is set to zero. Both the primary and secondary branches are considered as lossy conductor of cylindrical geometry [8] .the losses are represented by a constant potential gradient E L = 3 kV/m [19] .
The charge distribution is simulated by N line charges located inside the leader channel as shown in Fig. 1 . Meanwhile, each of the contour points are selected at the surface of the downward stepped channel. As for these contour points, the potential can be represented as
where U c is the potential of the thundercloud, E L is the constant potential gradient of the stepped leader and D L is the distance along the leader channel from the contour point to the thundercloud. The potential generated by the thundercloud at the contour point is given as
where θ is the angle between the primary and secondary branches.
Since the potential of these contour points are generated from common action by the charges of the thundercloud and the simulated line charges, the potential produced by the simulated line charges can be written as
It is noted that the amount of the contour points is N which is the same as the simulated line charges.
The potential U created by a single simulated line charge can be obtained by
where ε 0 is the free space constant of 8.85 × 10 −12 F/m, λ is the line charge density and |r − r | is the distance from the simulated charge to the contour point. Hence, the potential U i at any contour point i of those contour points can be represented as
where P ij is potential coefficient between contour point i and line charge j, λ j is the line charge j. Then, application equation (5) to N points of contour points will lead to N equations
Finally, the line charge density can be obtained by the matrix inversion
The charge distributions along the leader channel corresponding to I p = 30 kA, H t = 50 m, θ = 45 • are shown in Fig. 2 when the length of the secondary leader channel L = 400 m, 500 m and 600 m, respectively.
It can be observed in Fig. 2 that the charge density is approximately linear except the area near the leader tip for both the primary and secondary leader channel. Concerning the tip area, the charge density is abruptly increased, which is caused partly by the presence of the ground. The charge density of approximately 2 mC/m at the primary leader tip is larger than that of about 1.6 mC/m at the secondary leader tip. Generally, the distribution of charge density for both the primary and secondary branches has little difference from each other below the junction point. When the secondary branch has different length, there appears with no significant change. The calculated results are accordance with that claimed by other researchers in the order of 1 mC/m [6] , [20] .
III. ALGORITHM FOR CALCULATING THE STEPPED LEADER CHARGE DENSITY A. BASIC THEORY
In contrast to directly charge density measurement, inferring from the high-speed video camera images will be much easier. For the above sakes, the following approach for estimating the relationship of charge density among different branches from the high-speed video camera images is introduced.
Supposing that the relationship between the luminosity B i and current I i for branch i can be represented as
where α i is a coefficient for branch i. It is noted that α i can be a constant or other expressions connected the luminosity and current. The average leader current at moment t can be expressed as
where ρ i is the line charge density along the newly formed stepped leader channel and v i is the speed of the leader tip. The different stepped leader branches are assumed to have an average moving speed v which can be represented as
where L i is the newly developed channel length within a time t. Therefore, the line charge density ρ can be estimated from equations (8), (9) and (10) as
It is supposed that the relationship between the luminosity and current for different branches is equal to each other in the same frame. The discussion about this assumption is detailed in Section V. Since the leader branches concerned are recorded with the frames of video images, t is the inter-frame time interval and will be the same for different branches in each frame. Hence, the normalized relationship of line charge density among different sections i and j can be given by
where ρ i and ρ j are charge density along the sections i and j, respectively. Equation (12) indicates that the line charge density can be determined from the newly developed leader length and the corresponding optical intensity. A practical algorithm for estimating the relationship among different leader branches is given in the following section.
B. PRACTICAL ALGORITHM
In order to estimate the relationship among different leader branches, it is necessary to depict the development process of the leader channel based on the high-speed video images. The relationship among different leader branches can be acquired by (12) . The algorithm is explained in the following steps: a) Since the images of the descending stepped leader is frame-up, each frame is numbered ''m'' (m = 1, . . . , M and M is the total frame of the high-speed video images) and each stepped leader branch is numbered ''n'' (n = 1, . . . , N m and N m is the number of the stepped leader branches concerned). The newly developed stepped leader branches in each frame are labeled with the notation ''L m,n '' for frame m and branch n. It is noted that the different stepped leader branches are assumed to have an average speed of v m = L m /t f (t f is the inter-frame time interval). b) Each newly developed stepped leader channel L m,n is divided into pixel elements. Each pixel is numbered ''h'' (h = 1, . . . , H m,n and H m,n is the height of pixels of L m,n segment). Then, the brightest pixel among all the pixels of the newly formed branches for frame m and branch n at a certain height h is labeled with the notation ''B m,n,h ''. In this paper, the luminosity of the branches n for frame m at height h is estimated as the value of B m,n,h .
c) The point where the downward leader split into branches is located. Then, the length L m,n for frame m and newly formed branch n can be obtained by calculate the distance between the leader tip and the split point. Meanwhile, the B m,n,h can be also obtained from the high-speed video camera images.
d) The line charge density for frame m and branch n at certain height h is labeled ρ m,n,h . Then, equation (11) can be written into the following form,
It is noted that the ρ m,n,h has the unknown parameter α i . By means of normalization, the unknown parameter α i can be removed according to equation (12) . Then the correlation of charge density among different branches can be acquired. The flowchart of the proposed algorithm is shown in Fig. 3 . 
IV. OBSERVATION AND ANALYSIS
The high-speed video images of the analyzed lightning flash were recorded in JiangSu, China. The flash occurred at 05:47:05.062 UTC on 29 July 2016. The high-speed camera, a Photron SAZ equipped with a 17∼35 mm Nikon lens at f/2.8, was operated at frame rates of 20 kfps (kilo frames per second), i.e. the inter-frame time interval is 50 µs, with exposure time of 10 µs. The image resolution was 1024 × 1024 pixels with 8 bit grayscale amplitude resolution.
A total of 118 frames (about 5.9 ms) of the descending leader were captured before the ground attachment of the primary leader channel. Fig. 4 shows a collection of highspeed video images that depict the process of the lightning flash including the descending stepped leader and return stroke. The frames 1-8 show the propagation process of the descending stepped leader before the camera saturated with light as shown in frame 10.
The time when the return stroke occurred was set as t = 0. The stepped leader was observed at -5.85 ms (not shown). When the stepped leader tip approached to the ground, this leader split into three distinct braches at -0.5 ms (shown in frame 4 of Fig. 4) . The three branches continued to propagate downward, ultimately the left branch touching the ground and turning into the return stroke channel.
It is observed that the luminosity of the leader tips was stronger than that of the leader channels from Fig. 4 . This feature is consistent with previously reported characteristics as illustrated in [17] , [22] , and [23] .
As the branches extended close towards the ground, the luminosity of branch 1 tip which became the final return stroke channel is brighter as shown in frame 8. The reason for this is that the electric field is enhanced when the tip is close to the ground [8] . Then, the charge density near the leader tip increased
The profiles of the primary leader tip from t = −250 µs to t = −100 µs in Fig. 4 are extracted and enlarged in Fig. 5 . The frame a(1), b(1), c(1) and d(1) correspond to the time of −250 µs, −200 µs, −150 µs and −100 µs, respectively. To decrease the effect of background illumination and the dark noise of the high-speed video camera, all frames in Fig. 5 have been denoised by subtracting the average background illumination. Note that a dark branch superposed the branch 1 as marked with red cycle in Fig. 5c(1) , resulting in the enhancement of the brightness at the junction area. To get the ture brightness of the branch 1, the average luminosity of the dark branch is subtrated. VOLUME 6, 2018 We have analyzed the normalized value ρ m,n,h of different branches at −250 µs, −200 µs, −150 µs and −100 µs as shown in Fig. 5a(2) , 5b(2), 5c(2) and 5d (2) . The results indicate that the charge density at the each branch tip area is the largest and shows a decreasing trend with the height increasing, which is consistent with the CSM resutls in Section II. However, the maximum charge density of each branch is not located right at the leader tip. As illustrated in Fig. 5a(2) , the maximum value appears a few pixels away from the leader tip. The reason for this phenomenon is that the brightest pixels are not shown right at the leader tip but a few pixels away from the tip as observed in Fig. 5a(1) .
Compared with the simulation results, the charge density of different branches is changing constantly. The largest charge density in both Fig. 5a(2) and Fig. 5d(2) appeared at the banch 1 while the largest value in Fig. 5b(2) and Fig. 5c (2) are shown at the branch 2.
V. DISCUSSION
To derive the relationship of charge density among different branches, we have made several assumptions. These assumptions simplify the model and provide a way to obtain the relationship of charge distribution among different branches. The detailed discussion about the main assumptions made in the CSM is presented in [8] . Among the assumptions made to realize the proposed algorithm, the most notable are: 1) To date, it is of great challenges to directly measure the downward leader current. Consequently, the relationship between the luminosity and current still remains unknown. For acquiring the correlation of charge distribution among different branches, the correlation coefficient α related the luminosity and current is supposed to be equal for different branches at the same frame. First, the correlation between the light amplitude and current amplitude for the various laboratory spark discharge has been found to be linear as well as the current rise-time and light rise-time [14] . The characteristics of laboratory long spark discharge and the lightning flash are similar with each other. Second, it has been proved that the brightness of the lightning channel was closely related to the channel current [14] . In addition, it has been examined that the light and current exhibited a linear relationship from the rising stage to the peak value in artificially triggered lightning [15] . During the descending of the stepped leader, it was observed optical pulses with pulse rise time ranging from 0.5 µs to 1 µs [22] . Optical impulses corresponded to the electric field pulses, which suggesting that sudden charge motion, i.e. channel current was directly related to the optical emissions [22] . Considering that the pressure, humidity and temperature are almost the same for different branches at the same frame and all the branches are split from the same leader tip, the relationship between the luminosity and current for different branches is supposed to be equal to each other in the same frame.
2) The high-speed video camera can only capture the 2-D images of the stepped leader in x-y plane (projection onto the photographic image) and the extension distance in z plane remains unknown. Consequently, the distance from the source to the observer for different branches may differ from each other, resulting in that the calculated relationship of charge density would contain some error. However, considering that the analyzed branches were split from the same leader tip and the images were several frames just before the leader touching ground. Hence, the extension difference can be reduced as much as possible. The assumption that the difference of extension distance in z plane among different branches is negligible is reasonable.
VI. CONCLUSION
In this paper, we attempt to utilize the luminosity of natural downward stepped leaders captured by the high-speed video camera to analyze the correlation of charge density among different branches.
The charge distribution along the primary and secondary leader channels is calculated using the CSM. It shows that the charge density is approximately linear in the leader channel section and the highest at the leader tip for both the primary and secondary leaders. However, the charge density at the primary leader tip is larger than that in the secondary leader tip. Generally, the distribution of charge density for both the primary and secondary branches has little difference from each other.
Besides, the propagation process of a natural CG lightning flash was observed by the high-speed video camera. The correlation of charge density among different branches is obtained using the proposed algorithm. It is found that the charge is also concentrated at the leader tip and the distribution pattern is similar for different branches, which is the same as the results obtained from the CSM. However, compared with the simulation results, charge density along different branches is always changing as the leader propagating towards ground, which should be taken into consideration in the lightning protection design.
Due to the lack of the distance information, we cannot get the accurate location of this flash. However, we just need to obtain the relative correlation value among different branches. Therefore, the distance can be ignored.
The effectiveness of the proposed algorithm is verified by the simulation and experiment results. Actually, the measurement of charge distribution along the leader channel requires further research. More advanced instruments and methods are needed to directly measure the charge distribution in the future investigation of natural CG lightning flash.
ACKNOWLEDGMENT
The author would like to thank all the JiangSu lightning observation team (SLOT) members taking part in the field lightning observation campaign. He is currently a Lecturer with the National Key Laboratory on Electromagnetic Environment Effects and Electro-Optical Engineering, PLA Army Engineering University, Nanjing. His research interests include lightning protection and electromagnetic pulse protection.
